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The stability of the zwitterionic forms of amino acids can be substantially modified by specific noncovalent interactions with nearby molecules and ions. 8 For example, calculations show that copper ions can stabilize zwitterionic glycine. 9 The addition of a cation to arginine is likely to lead to one of the two structures depicted as 2.3 and 2.4.
Collision induced dissociation spectra obtained with a FT-ICR mass spectrometer suggest that zwitterionic arginine is stabilized by metal cations (K + . 11 Experiments suggest that the protonated arginine dimer exists with one arginine in the zwitterionic state. 12, 13 Ion mobility data for complexes of arginine with Na + , Cs + , and H + could not discriminate between 2.3 and 2.4 in the case of the metal ions. 14 However, calculations performed in conjunction with these experiments favored the zwitterionic salt-bridge 2.4. 14 Arginine participates in a variety of specific noncovalent interactions involving ionized functional groups that are easily observed in crystal structures. Crystalline arginine itself is different from all other amino acids. Typically, amino acids arrange themselves in a peptide-like fashion with the n-terminal amino and c-terminal carboxylate groups aligned with the side chains protruding outward on alternating sides. 15 In contrast, arginine stacks end to end enabling the guanidinium and carboxylate interaction shown in 2.5. 16 This motif is common in crystal structures containing arginine as illustrated by arginine with acetate 5 and in the dipeptide Arg-Glu. 17 The stability of 2.5 with various groups R 1 and R 2 in the gas phase has been addressed by several computational approaches. Calculations have been performed on model
2.6
systems at various levels of theory, including semi-empirical calculations with PM3 and AM1, density functional theory, and ab initio methods. 18, 19, 20 The energetics of 2.5 and 2.6 (where R 1 = R 2 = CH 3 ) were calculated at the RHF/6-31G** and MP2/6-31G** abinitio level. 18 Semi-empirical results obtained with AM1 qualitatively reproduced the abinitio results and both levels of theory predict that 2.5 is not likely to exist in the gas phase, with 2.6 being energetically favored by ~18 kJ/mol at the highest level of theory. 
Experimental Methodology
All spectra were obtained using a Finnigan LCQ ion trap quadrupole mass spectrometer without modification. The signal was tuned using the automatic tuning capabilities of the LCQ on the trimer of the protonated arginine clusters. Subsequent tuning on higher order clusters did not increase the signal or change the profile of the cluster distribution. Tuning on the monomer or dimer favors more harsh conditions that lead to the predissociation of the higher order clusters. The particular settings used for all data collection in this paper included source voltage 4.15 kV, capillary voltage 40.47 V, capillary temperature 199.9 °C, and tube lens offset 10 V. For the negative ion mode, source voltage polarity was simply reversed.
Sample concentrations were in the kept uniformly at ~300 µM for arginine and ~100µM for the additional species of interest, unless otherwise noted. These concentrations are substantially higher than those used for this instrument for analytical purposes (which will not be our focus here). All samples were electrosprayed in an 80:20 methanol/water mixture. Samples were electrosprayed with a flow of 3-5 µL/min from a Initial calculations were performed on the HyperChem 5.1 Professional Suite.
Candidate structures were identified with molecular mechanics and submitted to full optimization at the PM3 semi-empirical level. The DFT calculations were carried out using Jaguar 4.0 (Schrödinger, Inc., Portland, Oregon). Full geometry optimization was performed at the B3LYP/6-31G** level of theory. To assure that the arginine clusters were indeed atypical and not the result of electrospray conditions that would lead to the clustering of any small molecule, several other amino acids were run under identical conditions. In particular, lysine and histidine were examined due to the high basicity (Table 2 .1) 7 of these amino acids. The mass spectra of lysine and histidine are shown in Figure 2 .1b and 2.1c, respectively. Under conditions where arginine forms extensive clusters, histidine exhibits only a small dimer and no clusters are observed with lysine. Histidine and lysine will cluster at higher concentrations and lower capillary temperatures, but the extent of clustering observed with these milder ion sampling conditions is still less than that illustrated in Figure 2 .1a for arginine. The propensity for arginine to cluster more than other amino acids is consistent with past observations. 21 To probe the origin of the stability of the clusters, a mixture of arginine methyl-ester (MeArg) and arginine was electrosprayed. The spectrum of the mixture is shown in The trimer (n = 3) is again the most prominent of the observed clusters. In comparison to chloride, the overall cluster intensity and variety are greatly reduced.
Results

Clustering of Electrosprayed
The spectrum for iodide is shown in Figure 2 .4d. The iodide clusters are described by
[nArg+I] − , where n = 2, 3. With iodide, the cluster intensity is reduced again relative to 28 chloride and bromide. The results for the halogen series demonstrate that chloride has the greatest propensity to form stable clusters with arginine. 
Calculations.
DFT calculations at the B3LYP/6-31G** level have been utilized to asses the energetics and structures of the arginine clusters. This level of calculation is feasible for the trimeric clusters, but the size of the remaining observed clusters prohibits the use higher level calculations. We have found that PM3 calculations will qualitatively reproduce the DFT results, enabling calculations to be performed on larger systems at this level.
The proposed structure for the anionic trimer (2.7) is stabilized by the intermolecular interaction between the guanidinium and carboxylate groups 2.5 that is often observed in crystal structures. The structure allows all three arginines to participate in this highly favored interaction, while allowing for the additional stabilization of an intra-molecular hydrogen bond within each arginine. Higher level DFT calculations carried out at the B3LYP/6-31G** level support structure 2.7. The charge solvated version of structure 2.7
(with non-zwitterionic arginines) will convert automatically to the zwitterionic version when minimized. Collision induced dissociation (CID) experiments on structure 2.7
demonstrate primarily the sequential loss of neutral arginine. and it can be observed that much of the stabilization comes from the magnesium ion interaction with the carboxylate groups. This highly favorable interaction in which the two carboxylate groups closely approach the cation at nearly right angles to one another is only possible in the dimer and probably accounts for the special stability of this cluster.
Experimental Support for Structure 2.7. It can be noted from the structure for the arginine trimer 2.7 that it has threefold symmetry which might facilitate simultaneous formation of three hydrogen bonds with an appropriate anion. The requirements imposed on this anion would be that it have a size similar to that of the chloride ion and three hydrogen bond acceptor sites that could be aligned with the three available hydrogens from the guanidinium side chains in 2.7. NO 3 − fits these requirements, with a size ~0. 
Discussion
Arginine forms extensive supramolecular assemblies in the gas phase, sampled from moderately concentrated solutions by electrospray ionization. The clusters observed in this study are ionic in nature, with the charge bearing group ranging from simple monatomic anions or cations to protonated or deprotonated molecular species.
Comparisons with other amino acids show that arginine is unique in its ability to cluster under these conditions. Previous work has shown that arginine may be stable as a zwitterion in the gas phase in the presence of charge. [10] [11] [12] [13] [14] It is consistent with all experimental and theoretical results in the present work that salt bridges formed between ions and zwitterionic arginine stabilize the observed clusters.
It has been reported previously that [4Arg+H] + has special stability 21 ; however, we find no evidence to support this claim here. The intensity of the cluster corresponding to DFT calculations suggest that reaction (2.1) is exothermic by ~8.7 kJ/mol. Assuming a negligible entropic change, this reaction should proceed to the right. When the gas phase acidities of both acids are taken into account (Table 2 .1), these calculations indicate that the chloride anion binds more strongly (34 kJ/mol) to the neutral arginine trimer than does the nitrate anion. This result is surprising because the nitrate anion can form three hydrogen bonds to the arginine shell. However, the nitrate anion is larger than the chloride anion, leading to steric constraints that mitigate against the formation of three strong hydrogen bonds between the anion and the arginine shell. The result is a lower binding energy. Although such experiments were not conducted as a part of this investigation, it should be possible to observe processes such as reaction (2.1) in the gas phase and perhaps even measure equilibrium constants that would further quantify the thermochemistry of these species.
The greatly enhanced abundance of [3Arg+NO 3 ] − relative to the dimer and tetramer of this series can be attributed to the three hydrogen bonds that can be formed with the guanidinium groups of each arginine. This offers evidence that the arginine trimer is cyclic in nature. DFT calculations further show no barrier for conversion to the proposed zwitterionic state when the cluster initially is comprised of non-zwitterionic arginines.
Interestingly, the optimization proceeds by conversion of one arginine to the zwitterionic state, which is then followed by conversion of the remaining arginines to zwitterions.
The dimer of arginine coordinated to divalent magnesium (2.8) demonstrates another method of stabilizing zwitterionic arginine. It has been shown that one protonated arginine will stabilize another zwitterionic arginine in the protonated dimer. 12 In structure 2.8, negatively charged arginine with Mg 2+ is shown to stabilize the second arginine in the zwitterionic form. All divalent metal cations are likely to coordinate to arginine via the carboxylate ends. The interaction with the carboxylate ends also accounts for the unusual stability of the dimer of this series relative to the trimer and the monomer. It is also possible that other amino acids may be stabilized as zwitterions in a similar divalent metal cation bound dimer.
Experiments with the enantiomers of arginine revealed no enhanced stability for homochiral clusters. As clearly demonstrated above, arginine clusters derive special stability from the strong intermolecular interaction between the guanidinium and carboxylate groups of adjacent molecules. Other interactions are secondary in importance, including those involving the amino group, which remains uncharged in these clusters. This is consistent with the crystal structure for arginine, in which the amino groups are not charged and there is no preference for homochirality. 22 This result is consistent with the proposed structure 2.7, where the amino groups do not participate in any intra or intermolecular bonding.
Conclusion
Both theoretical and experimental evidence suggests that the zwitterionic form of arginine can be easily stabilized in the gas phase. It has been shown both by experiment and theory that zwitterionic arginine is very near in energy to arginine, and therefore may be stabilized by nearby charged species.
It has been demonstrated here that it is possible to stabilize the zwitterionic form of arginine in cyclic arrays, which take full advantage of the strong guanidinium and carboxylate interaction. Such arrays are neutral, but are detected by their ability to complex with either an anion or cation. This is well illustrated by the cyclic trimer of arginine bound to an anion (structure 2.7). The abundance of this species suggests that it is unusually stable, especially when coordinated to NO 3 − , which forms three hydrogen bonds to the guanidinium groups and can be regarded as the crown jewel for capping this structure.
We have developed experimental methodology to examine possible preferences for homochirality in molecular clusters which has broad applications beyond the studies of arginine clusters reported in this paper. The arginine clusters show no preference for homochirality, consistent with structures where the amino group is not involved in cluster bonding. However, we have examined other systems where there is a pronounced preference for homochirality. 
